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Abstract Dentin possesses a hierarchical porous structure with varying cross-scale morphology 
and characteristic lengths ranging from nanometers to micrometers. NP Copper is fabricated with 
nano-sized and micron-sized features that mimic dentin’s morphology. NP Copper Young’s 
modulus, hardness, and plastic Poisson’s ratio are shown to be in the range characteristic of dentin. 
This correspondence in properties may allow use of NP metals to advance tooth restoration 
techniques, for example by using NP metals as model systems to study infiltration of dentin with 
resins. Moreover, the multi-scale porosity may inspire design of 3D catalysts with efficient reactant 








































































Biological material properties have evolved over extended periods of time to suit specific 
functions. Taking clues from Nature often enables scientists to take unusual shortcuts, yielding 
materials with enhanced properties. We report on one such example of a biologically inspired 
material system, nanoporous(NP) Copper which has morphological structure and physical 
properties close to those of dentin, a hard tissue that is part of the tooth.  
NP metals consist of a 3D hierarchical network of ligaments with characteristic scale lengths ~2-
100nm[1]. These structural elements can have internal structure, e.g. ligaments may consist of 
nanosized grains, twin boundaries, etc.[2-7]. Many unusual NP metal properties as well as many 
applications are ultimately related to their extremely high surface to volume ratio. NP metals have 
been used in a diverse range of applications, such as catalysts[8-11], electrochemical 
electrodes[12, 13], interconnect components[14], actuators [15-17] and sensors[18-20].  
Dentin is a natural porous material found in teeth. Encased in enamel, the dentinal tissue[21] has 
a hierarchical structure with characteristic scale sizes spanning micro- to nano- scales (see Fig. 1). 
At the microscale, dentin consists of hollow cylinders called tubules, which traverse the entire 
height of the dentin from the pulp to the enamel and are filled with a fluid similar to plasma. The 
orientation, diameter and density of the tubules changes across the entire perimeter of the 
tooth[22]. At the nanoscale, dentin consists of collagen fibrils(CF) and hydroxyapatite 
crystals(HA)[22]. Dentin’s mechanical properties, similar to other natural materials, range 
between those of dense metals and polymers, overlapping with NP metal properties. Dentin has 
relatively high fracture toughness (1-3MPa√m)[23, 24] and moderate stiffness (7-20GPa)[25] that 



































































has distinct and complementary properties compared to enamel, the exterior hard tissue of the 
tooth, so that cracks initiating from the brittle enamel surface may be arrested at the interface with 
dentin[26]. 
The remarkable similarity in the nanoscale structure and mechanical properties between NP metals 
and dentin invites further exploration. In particular, we will demonstrate that the nanoscale and 
microscale porosity of dentin can be replicated in NP metals, yielding a structure morphologically 
identical to dentin. Such structures are of great interest for several reasons. First, NP metals could 
potentially be used as part of tooth restoration treatments, or even as dentin analogs, to study 
infiltration of resins into dentin. Typical tooth restoration procedures require that dentin be 
demineralized and infiltrated with a resin composite. The hybrid layer at the interface between 
resin and healthy dentin is the main cause of failure of tooth restorations[27, 28] and the 
optimization of its properties is highly desirable. At the same time, biological samples are unique, 
non-reproducible, environmentally sensitive, and require sophisticated testing protocols[29], 
leading to substantial uncertainty in the experiments. An “equivalent” system, such as NP Copper, 
with physical properties close to those of dentin and that can be fabricated relatively easily and 
reproducibly, could help design adaptable resin-based tooth restorations thus having a significant 
impact on public health[30]. It is also notable that other NP metal systems e.g.,NP Silver or NP 
Copper Oxide, possess antimicrobial properties[31, 32]. Incorporation of such oxide nanoparticles 
into dental resins has recently been suggested[33].  
More generally, replicating dentin’s hierarchical porosity may substantially aid liquid or gas 
reactant transport through the 3D structure of NP metals. The dentin porous network is naturally 
optimized for fluid and biological signal transmission through odontoblastic processes[34]. This 



































































which could maintain mechanical integrity under cyclic thermo-mechanical loads, similarly to how 
dentin plays a key role in maintaining mechanical integrity of teeth under cyclic loads. In such 
applications, the key issue, irrespective of the type of fluid, is whether accessibility of active sites 
through the volume is possible. 
NP metals are controllably fabricated by a three-step process involving synthesis of a precursor 
alloy that is then preferentially etched leaving a three dimensional network of nanosized ligaments 
and pores. Both NP metal foils and bars can be fabricated. The precursor alloy type, the 
composition of the precursor, as well as the etchant type and the dealloying rate impact the eventual 
nanoporous metal structure[36-40]. The nanocrystalline NP metals[7, 41] that we synthesize 
originate from dealloying amorphous ribbons[2-7].  
Nanoporous Copper (NP Cu) was fabricated after controlled etching of Copper Silicide amorphous 
alloy thin film. Two precursor alloys were used: Cu0.25Si0.75 and Cu0.41Si0.59 (atom %) as 
characterized by X-ray photoelectron spectroscopy (XPS) and were sputter deposited onto a silicon 
wafer under 100V bias. The precursor alloys were etched in 3% HF in deionized water under an 
applied potential of V=-0.3V with respect to a standard calomel electrode (SCE). The potential 
was applied for 100s, after which the samples were rinsed in deionized water and air-dried. The 
composition after dealloying, the residual stress state of the Cu0.41Si0.59 (atom %) precursor alloy 
and the presence of nanocrystallites within the ligaments are described in a prior publication[41]. 
Some of the NP Copper samples were exposed in the electrolyte up to 60 minutes to increase the 
thickness of the ligaments.  
After etching, the samples were imaged using the FEI NovaNanolab 200 FIB/Scanning Electron 



































































were used to obtain the film thickness, ligament dimensions and relative density (solid mass 
fraction) using Image J[42]. 
Dentin from a third molar was cut in a plane perpendicular to the tubules, in the coronal part of the 
tooth. The sectioned dentin was subsequently progressively polished up to a micron size finish 
using a 1µm diamond suspension. The sample was then dehydrated by exposing it in an ethanol 
solution of increasing concentration and placed on a brass holder using silver paste to limit 
charging during imaging. The obtained sample was then imaged using an SEM(Helios 660, Zeiss) 
at 2kV and 0.2nA at a working distance of 2.3mm using back-scattered electron imaging. Different 
magnifications of the tubules were obtained. Demineralized dentin was obtained by removal of the 
HA using a protocol described in Ref.[43]. The demineralized dentin was imaged in SEM using a 
similar protocol. 
The tubules were formed in some of the precursor alloy samples using a FEI NovaNanolab 200 
FIB/SEM where a beam of Gallium ions is used to etch away features on the sample surface. As 
seen from the schematic of Fig. 1(a) and the SEM images of Fig. 1(b) the tubules have a circular 
cross-section perpendicular to the tooth perimeter; they are long elongated cylinders in the plane 
connecting the enamel and tooth root. The tubules created with the FIB on nanoporous copper 
reflect the exact pattern from the SEM images of the dentin sample. A mask was created by 
thresholding SEM images of dentin to capture the tubules’ spacing and size. Using “xT microscope 
control”, the user interface for the Nova 200 NanoLab-DualBeamTM-SEM/FIB, the tubules were 
etched on NP Copper to mimic the actual dentin tubule spacing and size. The ion beam milling 



































































The structure of the dentin samples (healthy and demineralized) as well as the NP Copper sample 
were compared by thresholding the SEM images using a triangle algorithm[44] implemented in 
Image J[42]. Any noise in the images was reduced using a median filter with a 10-16 pixel radius 
depending on magnification. The resulting binarized images for all samples were used to calculate 
a two-point correlation function defined as 𝐶𝐶(𝑟𝑟) = 〈𝐼𝐼(𝐱𝐱)𝐼𝐼(𝐱𝐱 + 𝐫𝐫)〉, where I denotes the image 
intensity at location x, and 〈… 〉 denotes averaging over all locations x. The features in the images 
were isotropic in the statistical sense so the correlation function has only a dependence on the 
radial distance r =|r|[45, 46]. The correlation function was calculated at two different 
magnifications to highlight the nanoscale structure of the dentin and NP Copper as well as the 
micron sized scale structure, with the presence of tubules.  
Mechanical properties of NP copper were obtained using Berkovich nanoindentation[41]. For a 
small subset of samples, frustum indentation was also performed[47]. The samples used in the 
mechanical tests were synthesized under the same exact conditions as those with the fabricated 
FIB tubules. Berkovich nanoindentation with a ~150µm sized tip was performed using a Hysitron 
nanoindenter. Tip area calibrations were performed using standard protocols: properties of known 
materials (e.g. aluminum) were verified using the standard Oliver and Pharr method[48] prior to 
testing of NP Copper. For each sample, 25 indents 40µm apart were performed up to 2000 µN. 
Measurements obtained with indentation depths higher than a single pore (>30-50 nm) and smaller 
than 30% of the film thickness were averaged to obtain a single value for the hardness, H, where 
H=Fmax/Acontact, is the peak indent force divided by the contact area. In addition, the reduced 
modulus, Er, was obtained from the unloading indentation curve. The reduced modulus and 



































































moving average was calculated for the modulus and hardness measurements as a function of 
ligament thickness. 
Scanning Electron Microscopy (SEM) images of healthy dentin tubules are shown in Fig. 2(a)-(b). 
Figures 2(c)-(d) show the tubule spacing and size as replicated in NP Copper using a Focused Ion 
Beam (FIB). The NP Copper sample has ~35nm sized ligament thickness and was obtained by 
controlled dealloying of Cu0.41Si0.59(atom %) in Hydrofluoric acid(HF). The tubules were 
fabricated according to the protocol described in the Methods section and the SEM images were 
taken at the same magnification as the dentin images. As shown, the exact same tubule 
arrangement can be easily replicated in the NP Copper sample. In appearance, NP Copper has open 
porosity similar to demineralized dentin. Healthy dentin on the other hand, consists of intermixed 
collagen and hydroxyapatite crystals (HA)[22, 49] (Fig. 1).  
The correlation function is shown with radial distance in Fig. 3(a) at the microscale and in Fig. 
3(b) at the nanoscale. The correlation function is obtained by thresholding the SEM images of Fig. 
2 for dentin (healthy and demineralized) and NP Copper. From Fig. 3(a), the probability of finding 
identical features at the microscale decreases with increasing radial distance in the same manner 
for healthy dentin and NP Cu. This of course makes sense since the tubule network size and spacing 
in the dentin sample was designed and precisely replicated in the NP Cu sample.  
Figure 3(b) shows the dependence of the correlation function on the radial distance at the nanoscale 
for NP Copper, healthy and demineralized dentin. The correlation function for NP Copper 
decreases with radial distance and reaches a plateau that corresponds to the relative mass fraction 
of this particular NP Copper sample (~60%). The characteristic scale for NP Copper from Fig. 



































































coefficient of ~0.8 which is between the plateau value (0.6) and peak (1). In a similar fashion the 
plateau for healthy dentin is found to be 56% and the characteristic scale is found to be 45.2nm. 
The plateau for demineralized dentin, from thresholding Fig. 2(c), corresponds to a solid mass 
fraction of 46% and a characteristic scale of 60nm. The dentin SEM images were obtained using 
backscattered electrons and have the advantage of being sensitive to the atomic mass. For instance, 
in healthy dentin made of collagen fibrils and hydroxyapatite (HA), the heavier HA crystals will 
appear brighter than the collagen fibrils. When healthy dentin images are thresholded, they can 
reveal the structure of the HA component. The correlation function plateau corresponds to the 
relative area of the HA component (bright field) for healthy dentin. On the other hand, since the 
demineralization step etches out HA, the plateau for the demineralized dentin mostly corresponds 
to collagen. We note that the etching process can cause shrinkage of the collagen network, which 
may slightly overestimate the collagen area fraction by a few percent[50]. From the plateau values 
of Fig. 3(b), the relative area of healthy and demineralized dentin are dual to each other since the 
former corresponds to the HA component area fraction and the latter to mainly collagen.  The 
characteristic scale for demineralized dentin found from this analysis is ~60nm which is consistent 
with the characteristic scale of collagen measured from small-angle x-ray scattering[51]. 
Figure 4 shows the average hardness, H and the reduced modulus Er as functions of ligament 
thickness for NP Copper generated from two different initial alloy compositions, Cu0.25Si0.75, 
(black symbols) and Cu0.41Si0.59 (red symbols).  The blue dotted lines on both inserts show the 
average healthy dentin modulus with Fig. 4(a) showing the modulus variation depending on 
location and hydration level[25, 52] in light blue. For demineralized dentin, the modulus is in the 
range of 0.2-7GPa, depending on hydration level[25, 53]. The hardness of demineralized dentin 



































































Cu0.25Si0.75 has closer values to healthy dentin but it is possible to fabricate samples with features 
more similar to demineralized dentin. Other physical properties of NP Copper also have an overlap 
with dentin and are summarized in Table 1. For example, the plastic Poisson’s ratio, a measure of 
lateral dimensional changes in a material beyond yielding, is a crucial parameter when describing 
the pressure sensitivity of the yield surface of a porous medium[54].  
Dense solids have a plastic Poisson’s ratio of 0.5; low density porous media have a plastic 
Poisson’s ratio of ~0. The plastic Poisson’s ratio of dentin was measured to be ~0.3[52]. NP metals 
have been reported to have a plastic Poisson’s ratio of 0.2-0.3[47, 55]. The design of NP metals 
with nanoscale structure and mechanical properties similar to dentin, may allow for calibration of 
numerical models formulated to examine the mechanical response of dentin. For example, dentin 
stiffness models based on the homogenization scheme of Hashin[56], in which the volume 
distribution of peri-tubular dentin around the tubules, that is stiffer than inter-tubular dentin that is 
away from the tubules, is assigned a non-uniform distribution, determined from image 
analysis[57], may benefit from additional information coming from the mechanical response of 
NP Copper with FIB generated tubules.  
In summary, we engineered NP Copper to have similar Young’s modulus, hardness and plastic 
Poisson’s ratio with dentin. Imparting the microscale tubule network on NP Copper via 
micro/nanofabrication methods in a controllable and repeatable fashion may make NP Copper an 
ideal model system to study properties of dentin infiltration with resin composites, which in turn 
may enable numerical model calibration and advance resin-based tooth restoration. Intriguingly, 
fabricating NP metals with a hierarchical porosity inspired by dentin may provide a path towards 
stable 3D catalysts with enhanced bimodal porosity, enabling enhanced transport of the reactant 



































































surface area of NP metals is not readily accessible for traditional structures[58]. While there are 
several proposed methods for introducing a bimodal porosity for catalysis applications[59, 60] 
including fractal inspired structures[61], dentin-inspired bimodal porosity may help maintain 
mechanical properties while enhancing transport. 
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Figure 1. Schematic and SEM images depicting the main components of a tooth. The transverse isotropy induced by
the presence of tubules is highlighted in the schematic, where tubules appear circular in the through thickness direction
and longitudinal in the side view. SEM images show that tubules (T) closer to the enamel (A) are smaller in diameter
and more sparsely distributed compared with tubules closer to the pulp (B). Dentin itself has a hierarchical structure






Figure 2. SEM plan view of (a) dentin tubules with (b) the corresponding tubule arrangement and spacing replicated in NP Copper. A close-
up region around the tubules in (c) healthy dentin and the (d) replicated ones in NP Copper. The insert image in (c) shows the structure of 
dentin after the collagen is etched (demineralized dentin). 
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Figure 3. Two point correlation functions of pores (a) at the micron scale and (b) at the nano scale for both healthy dentin and NP Copper. 





















Figure 4. (a) Reduced modulus and (b) Hardness as a function of NP Copper ligament size, as assessed from Berkovich nanoindentation. 
Black symbols: NP Copper from Cu0.25Si0.75. Red circles: NP Cu from Cu0.41Si0.59. The dashed lines show the properties of healthy 
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Table 1. Comparison of feature sizes and mechanical properties of dentin (healthy and demineralized) and NP Copper 
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